tracheal from esophageal intubation include direct visualization of the endotracheal tube (ETT) passing through the vocal cords, visual inspection of chest wall movement, condensation in the tube during exhalation, auscultation of the chest and epigastrium, and improvement in skin color and heart rate. However, the majority of these indicators are subjective and can be misleading even in experienced hands. 1 -5 In a study with patients in the neonatal intensive care unit, the time to recognition of esophageal placement using clinical indicators averaged 97 seconds, was frequently greater than 2 minutes, and was independent of years of training of the individual making the determination (time to recognition for interns was 93 seconds, for fellows and attending neonatologists 114 seconds). 6 A rapid and accurate determination of tracheal intubation could prevent morbidity in high-risk infants in the DR.
End-tidal CO 2 monitoring has been shown to be a useful tool for determination of tracheal and esophageal placement during stabilization and transport of critically ill children, during pediatric cardiopulmonary resuscitation, and in a neonatal intensive care unit setting. 6 -8 However, the small tidal volumes and physiologic changes that occur at birth when the lungs are first expanded and pulmonary blood flow increases from only 7% of the cardiac output could limit the sensitivity and usefulness of this method in the DR. The reliability of end-tidal CO 2 monitoring in the resuscitation of newborns in the DR has not been evaluated.
We hypothesized that end-tidal CO 2 monitoring would be a sensitive and accurate indicator of ETT placement in newborn infants in the DR, and would allow for more rapid determination than standard clinical assessment. We conducted a prospective study to determine the effectiveness of end-tidal CO 2 monitoring for ETT placement during neonatal resuscitation in the DR.
METHODS
Infants born at the Johns Hopkins Hospital from September 1998 to May 1999 were eligible for the study if (1) they were intubated in the DR as part of their resuscitation and (2) a study investigator was available to accompany the resuscitation team to the DR. Infants intubated only for suctioning of meconium were excluded. The need for endotracheal intubation was determined by the senior member of the resuscitation team, which was comprised of a second or third year pediatric resident, a neonatal respiratory therapist, and a neonatology fellow, or attending when available. A study investigator
OBJECTIVE:
Determine whether end -tidal CO 2 ( ETCO 2 ) monitoring allows for more rapid discrimination of tracheal versus esophageal intubation than standard clinical assessment during neonatal resuscitation in the delivery room.
STUDY DESIGN:
Endotracheal tube ( ETT ) placement was assessed using either a hand -held monitor that displayed graphic and quantitative ETCO 2 by an investigator not involved in the resuscitation, or using clinical parameters by the resuscitation team unaware of the ETCO 2 data. The time differences between ETCO 2 and clinical determinations of ETT placement were compared.
RESULTS:
Capnography correctly identified all 16 tracheal and 11 esophageal intubations performed on 16 study infants. The median times ( and range ) in seconds required for capnographic and clinical determination of tracheal intubation were 9 ( 4 to 26 ) vs. 35 ( 18 to 70 ), p < .001, and for esophageal intubation were 9 ( 4 to 17 ) vs. 30 ( 25 to 111 ), p = .001.
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accompanied the team but did not participate in the resuscitation. If the clinical team requested the study investigator's assistance prior to delivery, the infant was not enrolled, or was withdrawn from the study if assistance was requested during the resuscitation. A hand-held, portable mainstream infrared absorption CO 2 monitor (Tidal Wave, Novametrix Medical Systems, Wallingford, CT) that provides the numerical representation of CO 2 (capnometry), as well as its graphical representation (capnography), was used to monitor end-tidal CO 2 . A single patient use mainstream airway sensor with <0.5 ml of added dead space was attached to the resuscitation bag prior to intubation and was connected to the end-tidal CO 2 monitor with a 6-ft cable. This allowed the study investigator to monitor the display of the capnographic and capnometric data away from the bedside. The resuscitation team was unaware of the monitor reading, and used only clinical parameters to determine ETT placement. The ETT was considered to be in the trachea by end-tidal CO 2 monitoring when the presence of a normal capnographic wave was detected. The presence of any detectable CO 2 in the exhaled breaths (capnometric display) was not considered an indication of tracheal placement, as carbon dioxide can be detected with esophageal intubation when expired CO 2 has been forced into the stomach during prior mask ventilation. The time at which the study investigator felt the tube was or was not in the trachea was recorded. For clinical assessment, the senior member of the resuscitation team was asked to state aloud when he or she felt confident, using clinical criteria including auscultation, chest wall movement, color change, and heart rate, that the tube was in the trachea, and this time was noted. In the case of esophageal intubation, the time the ETT was removed was recorded by the study investigator.
The following data were recorded for every intubation: time when the decision to intubate was made, time of intubation, times of capnographic and clinical determination of esophageal or tracheal tube placement, and clinical sign/s used for determination. These data were collected every time that the baby was re-intubated when applicable. Monitoring continued during transport to the neonatal intensive care unit and after admission, until a standard anteroposterior chest radiograph confirming ETT placement was obtained.
Inability to detect end-tidal CO 2 despite correct placement of the ETT in the trachea has been recognized in situations involving low cardiac output and insufficient pulmonary blood flow. 6, 7 We did not wish to exclude infants with unanticipated full cardiorespiratory arrest and thus potentially bias our results, yet the urgency of their requirement for endotracheal intubation would have precluded the possibility of obtaining informed consent. As all infants eligible for the study received the standard resuscitation and care offered in this hospital and information from the study was not used in their management, informed consent was not obtained. The Joint Committee on Clinical Investigation of the Johns Hopkins University School of Medicine approved the study protocol.
DATA ANALYSIS
Percent agreement, sensitivity, and specificity of capnography were calculated using clinical determination as the reference standard. Mean times for clinical and capnographic determinations of tube placement were compared using the paired t-test. End-tidal CO 2 (ETCO 2 ) trends, which are the average of breath-by-breath ETCO 2 readings every 8 seconds, were used to described the range of ETCO 2 in the first minute after intubation during a successful airway intubation (tracheal) and an unsuccessful intubation (esophageal).
RESULTS
Fifty-four infants were intubated for purposes of resuscitation or stabilization during the study period. Thirty-four were unable to be enrolled as a study investigator was unavailable to accompany the resuscitation team, or was the most senior person available and required to participate in the resuscitation. Of the 20 remaining infants, one patient was excluded from the study because the members of the resuscitation team requested the assistance of the study investigator in resuscitating the infant. Technical problems precluded data collection in three patients at the beginning of the study: two because the battery was inadequately charged on the ETCO 2 monitor, and one because the ETT was improperly attached to the ETCO 2 monitor. There were a total of 27 intubations analyzed from the remaining 16 patients, who ranged in birth weight from 575 to 2040 g and with gestational age of 23 to 34 weeks ( Table 1) . The study patients did not differ from those not enrolled with respect to birth weight and gestational age. Forty-four percent of the study patients and 58% of those not enrolled had birth weight less than 1000 g. No study patient required chest compressions or medication for resuscitation, while two infants not enrolled required both. Sixteen of 27 intubations in the study patients were determined to be tracheal (TI) and were subsequently confirmed as such by chest radiography, and 11 were recognized clinically to be esophageal (EI). Capnography correctly identified all TI and EI with 100% agreement with clinical determination; there were no instances where capnography indicated tracheal intubation yet the ETT was removed because of clinical concern for esophageal intubation. For each intubation, capnographic determination was faster than clinical determination of ETT placement (Figure 1) , and the mean times for capnographic determination were significantly faster than clinical determination for both tracheal and esophageal intubations ( Table   2 ). Of note, the majority of esophageal intubations were evident by capnography within 10 seconds (8/11, range 4 to 17 seconds), whereas the shortest time for clinical recognition of esophageal intubation was 25 seconds, with the mean time for recognition of esophageal intubation reduced from 46±25 to 9±3 seconds (p=.001). The range of end-tidal CO 2 levels in the first minute for tracheal intubations did not overlap the range for esophageal intubations (Table 3) .
DISCUSSION
While end-tidal CO 2 monitoring has been shown to be a reliable tool for determination of endotracheal intubation during stabilization and transport of critically ill children, the physiologic adaptation to extrauterine life during the immediate neonatal period is unique. The neonate has to increase pulmonary blood flow from 7% to 100% of the cardiac output and expand fluid-filled, collapsed lungs in order to exchange gas. In the present study, the detection of end-tidal CO 2 was sensitive and rapid enough to be a useful tool for determination of ETT placement in newborn infants in the DR. Capnographic determination was significantly faster for recognition of both correct and incorrect ETT placement than the usual clinical criteria used. This difference may be particularly important for preventing unrecognized esophageal intubation, which if prolonged can be a major cause of neonatal mortality and morbidity including severe hypoxia and permanent neurologic injury.
1,2,6,9,10 Our study findings are in agreement with those of Roberts et al. 6 who found that capnography significantly reduced the time for recognition of esophageal intubation in the neonatal intensive care unit setting. Our study differed from theirs in that we compared the time of capnographic determination of ETT placement concurrently with the clinical determination, whereas they used a retrospective analysis of a recorded capnograph to determine the timing of ETT placement. We also used a portable device suitable for use in the delivery suite with multiple labor-delivery-recovery rooms.
Limitations of our study were that a large number of eligible patients were unable to be enrolled, and that the overall number of infants intubated was small, precluding a more complete evaluation of this method. In order to have a masked and objective evaluation of the method, our study design required the participation of an investigator who was not part of the resuscitation team, precluding the enrollment of 60% of eligible infants in our high-risk inner city population. After interim analysis of our data demonstrated the significant reduction in the time for recognition of esophageal intubation, we did not feel that it was appropriate to continue with the study, which required the study investigator to withhold 6 Both studies were conducted in tertiary care centers with pediatric training programs where both physicians-in-training and those with considerable expertise are involved in resuscitating newborns. We are unaware of data on the rate of successful tracheal intubations or time to discovery of unsuccessful intubations in newborns in other clinical settings (level II or III nurseries without training programs) or with other clinical personnel (neonatal nurse practitioners).
We did not observe any apparent false-positive or -negative results with capnographic assessment of ETT placement, as all capnographic determinations agreed with eventual clinical assessments. However, falsely low end-tidal CO 2 levels despite tracheal intubation may be observed due to an air leak with a loose-fitting ETT or to incomplete exhalation between breaths.
11 Conversely, CO 2 may be detected initially with esophageal intubation when expired CO 2 has been forced into the stomach during prior mask ventilation. 1, 12 For these reasons, we did not use the capnometric data (numerical representation of ETCO 2 at the end of expiration) in determining ETT placement in our study, although we observed that ranges of exhaled CO 2 were significantly different for tracheal compared with esophageal intubation. The reliability of capnometry alone to determine tube placement, however, will require additional study.
Other potential causes of falsely negative capnographic results exist. In one report, capnography failed to identify a successful endotracheal intubation in a patient with complex congenital heart disease, presumably due to low cardiac output resulting in low levels of exhaled carbon dioxide, which were misinterpreted as representing esophageal intubation. Complete cardiorespiratory arrest with lack of effective pulmonary blood flow has also been recognized as a cause of falsely negative capnographic determination. 6 Both scenarios are relevant to DR resuscitation. None of the infants in our study had congenital heart disease or was in complete cardiorespiratory arrest. Finally, while capnography was accurate in differentiating tracheal from esophageal intubation, it does not assure proper position of the ETT within the trachea.
Technical problems have been recognized previously with other ETCO 2 monitors, including failure to turn on the capnograph pump, accumulation of water in the gas sampling chamber, and occlusion of the waste gas disposal port. We used a portable, mainstream, infrared absorption monitor and did not encounter any of these problems in our study. However, equipment problems precluded use of ETCO 2 monitoring in three patients in our study. These included failure to properly secure the hand-held monitor in the recharging cradle for the battery between deliveries and failure to properly attach the monitor to the ETT. These problems occurred at the beginning of the study when the investigators were the least familiar with the equipment. These problems should be surmountable with additional equipment and experience of personnel. We used the Novametrix device as it displayed capnographic data, and because its small size facilitated blinding the clinical team to the study data. Other devices for end-tidal CO 2 determination are commercially available, including a sensitive, disposable colorimetric device. 8 We conclude that in our study, sample capnography was a sensitive and rapid tool for determination of ETT placement in newborn infants in the DR, and that it was faster than standard clinical assessment. Although technical problems prevented its use in all patients, capnography was easy to use, required minimal training, and has the potential for reducing morbidity from unrecognized esophageal intubation in the DR. Studies with larger numbers of infants, including newborns with congenital heart disease and those for whom cardiopulmonary resuscitation is necessary, will be helpful to more fully evaluate the method and determine whether end-tidal CO 2 monitoring for ETT placement should be used routinely during neonatal resuscitation in the DR.
